Glucocorticoids (GCs) are used to treat pregnant women at risk for preterm delivery; however, prenatal exposure to GCs may trigger adverse neurological side effects due to reduced neural progenitor cell (NPC) proliferation. Whereas many established cell-cycle regulators impact NPC proliferation, other signaling molecules, such as the gap junction protein connexin-43 (Cx43), also influence proliferation. Gap junction intercellular communication (GJIC) is influenced by GCs in some cells, but such hormone effects have not been examined in coupled stem cells. We found that both continuous and transient exposure of embryonic day 14.5 mouse neurosphere cultures to dexamethasone (DEX) limits proliferation of coupled NPCs, which is manifested by both a reduction in Sphase progression and enhanced cell-cycle exit. A short (i.e., 1-h) DEX treatment also reduced GJIC as measured by live-cell fluorescence recovery after photobleaching, and altered the synchrony of spontaneous calcium transients in coupled NPCs. GC effects on GJIC in NPCs are transcription-independent and mediated through plasma membrane glucocorticoid receptors (GRs). This nongenomic pathway operates through lipid raft-associated GRs via a site-specific, MAPK-dependent phosphorylation of Cx43, which is linked to GR via caveolin-1 (Cav-1) and c-src. Cav-1 is essential for this nongenomic action of GR, as DEX effects on GJIC, Cx43 phosphorylation, and MAPK activation are not observed in Cav-1 knockout NPCs. As transient pharmacologic inhibition of GJIC triggers reduced S-phase progression but not enhanced cell-cycle exit, the nongenomic GR signaling pathway may operate via distinct downstream effectors to alter the proliferative capacity of NPCs.
Glucocorticoids (GCs) are used to treat pregnant women at risk for preterm delivery; however, prenatal exposure to GCs may trigger adverse neurological side effects due to reduced neural progenitor cell (NPC) proliferation. Whereas many established cell-cycle regulators impact NPC proliferation, other signaling molecules, such as the gap junction protein connexin-43 (Cx43), also influence proliferation. Gap junction intercellular communication (GJIC) is influenced by GCs in some cells, but such hormone effects have not been examined in coupled stem cells. We found that both continuous and transient exposure of embryonic day 14.5 mouse neurosphere cultures to dexamethasone (DEX) limits proliferation of coupled NPCs, which is manifested by both a reduction in Sphase progression and enhanced cell-cycle exit. A short (i.e., 1-h) DEX treatment also reduced GJIC as measured by live-cell fluorescence recovery after photobleaching, and altered the synchrony of spontaneous calcium transients in coupled NPCs. GC effects on GJIC in NPCs are transcription-independent and mediated through plasma membrane glucocorticoid receptors (GRs). This nongenomic pathway operates through lipid raft-associated GRs via a site-specific, MAPK-dependent phosphorylation of Cx43, which is linked to GR via caveolin-1 (Cav-1) and c-src. Cav-1 is essential for this nongenomic action of GR, as DEX effects on GJIC, Cx43 phosphorylation, and MAPK activation are not observed in Cav-1 knockout NPCs. As transient pharmacologic inhibition of GJIC triggers reduced S-phase progression but not enhanced cell-cycle exit, the nongenomic GR signaling pathway may operate via distinct downstream effectors to alter the proliferative capacity of NPCs. G lucocorticoid hormones (GCs) mediate a wide array of physiological actions following their binding to the glucocorticoid receptor (GR). The principal effects of GCs are mediated by transcriptional responses (i.e., activation or repression) that follow either direct binding of a GR-ligand complex to glucocorticoid response elements contained within target genes, or the indirect association of the receptor with other DNA elements or DNA-bound transcription factors (1) . However, the GR may also act via nongenomic mechanisms to mediate rapid cellular responses to GCs in the absence of measurable alterations in gene expression (1) (2) (3) .
Although many studies of nongenomic GR signaling have focused on rapid alterations of synaptic activity by GCs (4) (5) (6) , the possibility that this pathway operates in neural progenitor cells (NPCs) before synaptogenesis has not been examined. The inhibition of NPC proliferation by GCs may be responsible in part for the detrimental effects of stress within select adult and embryonic brain regions (7, 8) and putative neurological deficiencies observed following prenatal treatment with glucocorticoids. Whereas some GR gene targets have been identified in NPCs that mediate hormone effects on proliferation (9, 10) , the contribution of nongenomic GC action has not been examined.
Gap junctions contain assemblies of connexin proteins that form intercellular channels between adjacent cells for passage of ions and molecules less than 1 kDa (11) and participate in the regulation of NPC proliferation (12, 13) . Connexin-43 (Cx43) is the most abundant gap junction protein in the developing CNS as well as in NPC cultures (12, 14) . It contains many phosphorylation sites that are targeted by kinases that influence gap junction intercellular communication (GJIC) (15) . GRs regulate connexin gene expression in some cells (16) , but the breadth of their effects on gap junction function has not been evaluated.
Using neurosphere cultures of embryonic murine NPCs, we uncovered a mechanism for rapid, nongenomic GR regulation of GJIC. This caveolin-1 (Cav-1)-dependent process is mediated by site-specific phosphorylation of Cx43 with subsequent effects on the synchrony of spontaneous calcium transients and NPC proliferation.
Results

Inhibition of GJIC in NPCs Following
Brief Exposure to GCs. NPCs from embryonic day 14.5 (E14.5) mice express Cx43-containing gap junctions (12, 17) and were used between passages 2 and 6 to ensure enrichment of the progenitor cells (18) . NPCs were treated for 1 h with dexamethasone (DEX), a cell-impermeable DEX conjugate (DEX-BSA), and/or the GR antagonist RU-486. GJIC was quantified using a fluorescence recovery after photobleaching (FRAP) assay. This gap-FRAP assay is a welldocumented means of measuring GJIC that has high temporal resolution, is noninvasive, and uniquely allows for precise determination of GJIC kinetics (19) . The use of carbenoxolone (Cbx), a gap junction inhibitor, confirmed that fluorescence recovery was specifically assessing GJIC (Fig. 1A) .
A 1-h DEX treatment of NPCs resulted in a significant increase in the t 1/2 of fluorescence recovery ( Fig. 1 A and B) , which reflects an inhibition of GJIC. Cotreatment with 1 μM GR antagonist RU-486 prevented the DEX-mediated reduction in GJIC ( Fig. 1 A and B) , indicating that the rapid inhibitory effect of GCs on GJIC in NPCs is GR-dependent. All t 1/2 values were calculated by fitting a decaying exponential to the FRAP recovery curves (Fig. 1A) . By measuring the fluorescence loss in all cells adjacent to the photobleached NPC, the number of NPCs connected to the photobleached NPCs can be tabulated. The t 1/2 values were normalized to this number (Fig. S1A) . The average number of cells connected to NPCs that recovered from photobleaching did not differ significantly between vehicle-and hormone-treated groups (Fig. S1B) .
Because most GR-dependent nongenomic signaling mechanisms originate from activation of plasma membrane GR, a cell-impermeable BSA-conjugated DEX (DEX-BSA) was used (1). A 1-h DEX-BSA treatment of NPCs led to a significant loss in GJIC that was comparable to that observed with DEX exposure. In addition, cotreatment with 1 μM RU-486 prevented the DEX-BSA-mediated inhibition of GJIC (Fig. 1B) . Therefore, a GRdependent nongenomic signaling mechanism contributes to GC inhibition of GJIC in NPCs.
Brief GC Exposure Leads to Increased Cx43 Phosphorylation. A reduction in GJIC may result from phosphorylation (15, 20) of connexins and/or from a change in connexin gene expression. GC induces connexin-26 (Cx26) expression in cultured rat hepatocytes (16) . However, short-term DEX exposure did not alter expression of total Cx26 or Cx43 protein, two of the major connexin subtypes expressed in developing neuronal cells ( Fig. 1  C-E) . Because the activity of Cx43 in gap junctions, but not Cx26, is regulated by its phosphorylation at multiple sites, Western blot analysis was used to examine DEX effects on overall Cx43 phosphorylation. As shown in Fig. 1 D and F , a 1-h DEX treatment of NPCs led to increased expression of the slower-migrating phosphorylated forms of Cx43 (i.e., P1 and P2) (15) . In accordance with the results of gap-FRAP experiments ( Fig. 1 A and B) , the DEX-mediated increase in overall Cx43 phosphorylation was prevented by cotreatment with RU-486 and is therefore GR-dependent. In addition, Triton fractionation experiments examining the proportion of membrane Cx43 and nonmembrane Cx43 did not reveal any significant differences following a 1-h DEX treatment (Fig. S2 A and B) .
Brief GC Exposure Leads to Rapid Phosphorylation of ERK-1/2, SiteSpecific Phosphorylation of Cx43, and Inhibition of GJIC. Cx43 activity is differentially regulated by a variety of kinases. For example, phosphorylation of Cx43 at serines 279 and 282 by the mitogenactivated protein kinase (MAPK) extracellular signal-regulated kinase-1/2 (ERK-1/2) leads to an inhibition of GJIC (21) . MAPKs have been previously implicated in rapid GR and estrogen receptor (ER) nongenomic signaling (3, 22, 23) . A 1-h DEX exposure of NPCs led to a GR-dependent activation of ERK-1/2, as measured by Western blot analysis using a phospho-specific ERK-1/2 antibody (Fig. 2 A and B) . A detailed time-course analysis revealed a rapid and biphasic increase in pERK-1/2, with peaks of activation within 2 min and 1 h following DEX treatment (Fig. S2  C and D) .
To determine whether Cx43 phosphorylation at the ERK-1/2 target sites occurs in response to GC exposure, Western blot analysis was performed using an antibody directed against Cx43 phosphorylated at serines 279 and 282 (pCx43s279s282). As shown in Fig. 2 C and D, a 1-h DEX treatment led to a significant increase in pCx43s279s282. This increase was not present in NPCs treated with DEX and RU-486 ( Fig. 2 C and D) . To determine whether GR effects on Cx43 phosphorylation and function are dependent on ERK-1/2, Western blot analysis of pCx43s279s282 and gap-FRAP were performed in the presence of the MAPK kinase MEK-1/2 inhibitor PD98059 (PD). A dose of 40 μM PD inhibited DEX-mediated ERK-1/2 activation (Fig. S3A ). As shown in Fig. 3A , a 40 μM PD cotreatment of NPCs prevented the increase in pCx43s279s282 following 1-h DEX exposure (a representative blot is in Fig. S3B ). Similar effects were observed following cotreatment with 10 μM alternative MEK-1/2 inhibitor U0126 (Fig. S3 C-E) . In addition, 40 μM PD treatment also prevented the DEX-mediated decrease in GJIC (Fig. 3B) . Phosphorylation of Cx43 at serine 255, the remaining ERK-1/2 consensus target on Cx43, was not affected by DEX (Fig. S3 F and G) (21) .
De Novo Gene Transcription Is Not Necessary for GC Effects on Cx43
Phosphorylation or GC Inhibition of GJIC. DEX-exposed NPCs were pretreated for 1 h with 100 ng/mL of the transcriptional inhibitor Actinomycin D (ActD). Quantitative RT-PCR indicated that 1-h ActD pretreatment effectively inhibited DEX induction of the GC responsive gene glucocorticoid-induced leucine zipper (GILZ) (Fig. S4A) . However, ActD pretreatment had no effect on the induction of pCx43s279s282 following 1-h DEX treatment ( Fig. 3C and Fig. S4B ). Similarly, gap-FRAP experiments reveal that ActD pretreatment had no effect on inhibition of GJIC following 1-h DEX exposure (Fig. 3D) . As shown by confocal microscopic analysis in Fig. 3 E-G, a fraction of GR is present within the plasma membrane of NPCs (i.e., colocalized with a fluorescenttagged cell-impermeable lectin). Human GR (in transiently transfected CHO cells) containing an alanine substitution at cysteine 665 also exhibits plasma membrane localization comparable to that seen with wild-type GR ( Fig. 3 H and I). Cysteine 665 of human GR is contained within a palmitoylation motif highly conserved among steroid receptors ( Fig. S5A ) and required for palmitoylation and plasma membrane localization of androgen, estrogen, and progesterone receptors (24) . Therefore, GRs along with mineralocorticoid receptors (MRs), which lacks this essential cysteine, may utilize a distinct mechanism for plasma membrane localization (24, 25) .
GR Is Associated with Cav-1 in Lipid Rafts of NPCs. Caveolae are specialized membrane invaginations localized to sphingolipidrich lipid raft domains (26) . Cav-1 is a major protein component of caveolae, and has been implicated in membrane GR signaling and in facilitating Cx43-dependent GJIC (26, 27) . As shown in Fig. 4A , GR is detected within a Cav-1-enriched membrane fraction in sucrose gradient analysis in both untreated and 1-h 100 nM DEX-treated NPCs (i.e., fractions 4-6; Fig. 4A ). Furthermore, GR-Cav-1 complexes can be isolated from untreated or DEX-treated NPCs by coimmunoprecipitation using either anti-GR or anti-Cav-1 antibodies for immune enrichment ( Fig. 4 B and C).
C-Src Inhibition Prevents GC Activation of pERK-1/2. GRs and the nonreceptor tyrosine kinase c-src localize to Cav-1-enriched membrane fractions (27) . A 30-min pretreatment of NPCs with 10 μM src family inhibitor PP2 followed by a 1-h DEX exposure prevented the DEX-mediated increase in pERK-1/2 and pCx43s279s282 ( Fig. 4D and Fig. S6 A-C), showing that c-src activation is coupled to GR-dependent ERK-1/2 activation and Cx43 phosphorylation. ). Furthermore, no significant effects on GJIC were observed from a 1-h DEX exposure of Cav-1 KO NPCs (Fig. 4H) . Therefore, Cav-1 is required for rapid GC-mediated signaling that results in ERK-1/2-mediated Cx43 phosphorylation at s279/s282 and subsequent reductions in NPC GJIC. (28, 29) . In these assays, a 1-h BrdU pulse immediately preceding harvest was used to identify cells progressing through S phase [i.e., BrdU + staining by indirect immunofluorescence (IIF) analysis]. Furthermore, IIF was also used to detect NPCs positive for Ki67, which is expressed in cells actively progressing through the cell cycle (i.e., G1, S, G2/M).
To limit the duration of GR activity, RU-486 was added to neurosphere cultures following a 1-h preexposure to DEX (preDEX+RU). As shown in Fig. 5 A and B, a 1-h DEX "pulse" followed by an additional 23-h incubation was sufficient to reduce BrdU incorporation and Ki67 staining in NPCs, demonstrating that a transient GC exposure is sufficient to both limit S-phase entry of NPCs and enhance their exit from the cell cycle.
Transient Inhibition of GJIC Is Sufficient to Reduce S-Phase Progression in NPCs but Does Not Trigger Cell-Cycle Exit. Treatment of neurosphere cultures with the reversible GJIC inhibitor 1-heptanol led to a loss in GJIC in NPCs that was sustained for 1 h but could be rapidly reversed (Fig. S7B) . NPC proliferation was therefore examined after exposing cultures to 3 mM 1-heptanol for only 1 h followed by a 23-h incubation. As shown in Fig. 5C , a 1-h 1-heptanol pulse led to a significant reduction in BrdU-positive NPCs, but did not alter the number of Ki67-positive cells (Fig. 5D) . Therefore, whereas either transient GR activation or GJIC inhibition is sufficient to limit NPC entry into S phase, cell-cycle exit requires additional actions of the GR that extend beyond its nongenomic effects limiting GJIC.
Loss of Synchronous, Spontaneous Calcium Bursts Following GC Treatment of NPCs. To ascertain proximal events linking nongenomic GR effects on GJIC to regulation of proliferation, we examined an effect of gap junction and hemichannel activity on an established regulator of NPC proliferation, that is, coupled calcium waves (13) . As shown in Fig. 5E , NPCs in neurosphere cultures generate spontaneous intracellular calcium bursts that are highly synchronous between coupled cells. In contrast, the spontaneous calcium bursts in coupled NPCs following 1-h DEX or 1-heptanol treatment are asynchronous and fewer in number ( Fig. 5E and Fig. S8 A-C) . Statistical analysis of Ca 2+ synchrony reveals a significant reduction in correlation between paired NPCs following either 1-h DEX or 1-heptanol exposure (Fig. 5F ).
Discussion
Glucocorticoids are used to reduce respiratory distress in premature babies and as antenatal therapy for women at risk for delivery of a baby with virilizing congenital adrenal hyperplasia (30, 31) . However, this therapy is associated with detrimental outcomes on neurological development due to GC effects on NPC proliferation and function (30) (31) (32) . In this report, we identify a nongenomic GR signaling pathway that impacts NPC proliferation in vitro through inhibitory effects on GJIC. Phosphorylation of specific connexin proteins regulates GJIC in other systems, and we provide evidence for rapid activation of ERK-1/ 2 by GCs that triggers site-specific phosphorylation of Cx43, a major component of NPC gap junctions. This phosphorylation event, in turn, limits GJIC but does not influence Cx43 protein expression or subcellular trafficking. Rapid GR-dependent activation of ERK-1/2 requires a c-src family member, and may be initiated by a signaling complex assembled at the plasma membrane through GR interactions in lipid rafts with Cav-1. Our studies corroborate the role for Cav-1 in mediating the antiproliferative effects of GCs that was established in mouse embryonic fibroblasts from Cav-1 knockout mice (33) . In addition, we identify a unique downstream target of this signaling, GJIC, in a progenitor cell population that uses GJIC and/or connexins to maintain synchronous progression through the cell cycle. Plasma membrane targeting of the GR in NPCs does not use a mechanism shared by other steroid receptors that requires palmitoylation at an essential cysteine within a highly conserved motif (24) . Although we cannot exclude the possibility that GR . GR is associated with Cav-1 in lipid rafts of NPCs, and Cav-1 along with c-src are necessary for rapid GC signaling. (A) NPC extracts were subjected to sucrose gradient fractionation to enrich for lipid rafts (i.e., fractions 4-6) and analyzed for GR and Cav-1 expression using Western blots (n = 2). The Golgiassociated protein ARF-1 was used to assess effective partitioning of the fractions. (B and C) Triton-soluble extracts were subjected to a coimmunoprecipitation (co-IP) assay with subsequent Western blots to reveal an association between GR and Cav-1. A nonimmune IgG was used in control co-IPs (n = 3). In both sucrose gradient fractionation and co-IP, NPCs were subjected to 1-h vehicle or 1-h 100 nM DEX. Western blot analysis was used to measure pERK-1/2 and tERK-1/2 (D) following pretreatment with PP2 for 30 min and a 1-h exposure to 100 nM DEX. Significant effects of DEX were revealed in results of the mean ± SEM ratio of pERK:tERK from densitometric scans (n = 6; P = 0.0001; post hoc test, Bonferroni, *P < 0.05). A representative blot is in Fig. S6A . Analogous results were seen for pCx43s279s282 following PP2 pretreatment ( Fig. S6 B and C) . (E) Western blot shows lack of Cav-1 in NPCs prepared from Cav-1 KO mice. Western blot analysis was used to measure pERK-1/2 and tERK-1/2 (F: n = 3; a representative blot is in Fig. S6D ) and pCx43s279s282 (G: n = 3; a representative blot is in Fig. S6E ) following 1-h treatments of Cav-1 KO NPCs with vehicle, 100 nM DEX (±1 μM RU-486), or RU-486 alone. No significant effects of DEX exposure were observed. (H) Cav-1 KO and WT and Cav-1 KO NPCs preloaded with Calcein AM were subjected to treatments with vehicle or 100 nM DEX. Mean values for t 1/2 ± SEM of recovery were obtained by fitting a decaying exponential to individual fluorescence recovery curves. No effects of DEX exposure were observed on GJIC in Cav-1 KO NPCs (n = 4 independent experiments; P = 0.0027; post hoc test, P < 0.05).
palmitoylation is required for plasma membrane targeting in other cell types, in NPCs it may share a membrane-targeting mechanism with its closest relative within the nuclear receptor superfamily, the MR, which lacks the essential cysteine but shares a high degree of homology, like the GR, with functional palmitoylation motifs (25) . Because the interaction between Cav-1 and the GR was not altered by DEX, hormone effects on NPC GJIC and proliferation may be mediated by conformational changes in the GR that alter receptor interactions with components of the MAPK pathway. Nongenomic signaling initiated by plasma membraneassociated ERs in breast cancer cells use an analogous pathway, with Cav-1-associated membrane ER activation also leading to csrc-dependent ERK-1/2 activation (34, 35) . However, in contrast to our results in NPCs, ER-mediated ERK-1/2 activation leads to increased proliferation (34, 35) . Whereas ERK-1/2 is also rapidly activated by a nongenomic steroid hormone signaling pathway in NPCs, its site-specific phosphorylation of Cx43 leads to reduced GJIC and subsequently decreased proliferation. Thus, rapid activation of GR alters ERK-1/2 target selection in NPCs and directs this kinase to targets (Cx43) that negatively impact cellular processes (e.g., synchronous calcium waves) that promote proliferation. The neurosphere culture system that we used maintains coupling between NPCs as observed in vivo and enabled us to reveal a unique pathway for nongenomic GR regulation of the synchrony of spontaneous calcium bursts, which overrides signals that may otherwise direct the proliferation of NPCs.
Our results also suggest that the rapid activation of both nongenomic and genomic signaling pathways by the GR accounts for the decrease in NPC proliferation and increased cell-cycle exit brought about by a transient (1-h) DEX exposure. A transient inhibition of GJIC by 1-heptanol, in the absence of GR activation, also reduced S-phase progression of NPCs but did not affect cellcycle exit. Nongenomic GC effects mediated by loss of GJIC may lead to a decrease in the rate of cell cycling in S phase, whereas genomic effects, including some that have been previously characterized, may force NPCs to exit the cell cycle entirely (28) .
Gap junction-dependent spontaneous Ca 2+ waves have previously been shown to be essential for the maintenance of NPC proliferation in the developing neocortex (13) . Moreover, recent findings suggest that even transient GC exposure can influence the periodic (circadian and/or ultradian) expression of certain GR target genes (36, 37) . A select subset of these circadian genes (e.g., per1 and per2) also regulate proliferation in various cell types, including NPCs (38, 39) . In fact, per2 gene expression is sensitive to intracellular Ca 2+ concentrations, suggesting that per2 expression may be influenced by alterations in GJIC (40) . Given the observations from the present study, this raises the intriguing possibility that a combination of genomic and nongenomic effects on circadian genes may influence the loss in NPC proliferation that occurs from even a transient GC exposure.
Our work supports the view that both genomic and nongenomic pathways mobilized by steroid receptors can act in concert to bring about changes in cell physiology (1, 41) . Dissection of the mechanisms operating in genomic and nongenomic action of steroid receptors may reinvigorate the search for novel ligands that preferentially activate one pathway or otherwise provide potential targets that allow for more selective actions of steroid hormones (42) .
Materials and Methods
Details of specific methods beyond what is described below are provided in SI Materials and Methods. ; four random fields per image; P = 0.0024; post hoc test, *P < 0.05), whereas analysis of Ki67-immunostained cells alone indicated a significant reduction in NPCs actively engaged in the cell cycle (i.e., G1-S-G2/M) (B: n = 4; four random fields per image; P < 0.0001; post hoc test, *P < 0.05). A representative image is in Fig. S7A . (C) Proliferation assays performed as described above reveal a significant effect of a limited (i.e., 1-h) 3 mM 1-heptanol exposure on NPCs actively progressing through S phase of the cell cycle measured 23 h following 1-heptanol removal and wash (1hr Hept/23hrWash) (mean number ± SEM of BrdU + /Ki67 + cells, n = 4; four random fields per image; P < 0.0001; post hoc test, *P < 0.05). (D) Analysis of mean ± SEM of Ki67-only labeled cells reveals no significant effect of 1-heptanol exposure on NPCs exiting the cell cycle (n = 4). FRAP results indicated rapid and reversible inhibition of NPC GJIC by 1-heptanol (Fig. S7B) . (E) NPCs treated with vehicle, 1-h 100 nM DEX, or 1-h 3 mM 1-heptanol were preloaded with the ratiometric calcium indicator Fura-2 AM and then subjected to live-cell calcium imaging. Although vehicle-treated NPCs show highly synchronized Ca 2+ bursts in coupled NPCs as determined by the ratio of Fura-2 excitation at 340:380 nm, both the synchronicity and bursting behavior is reduced in DEX-and 1-heptanol-exposed NPC pairs. (F) Analysis of Ca 2+ bursts in 10 pairs of coupled NPCs indicated a significant reduction in the correlation of Ca 2+ transients as measured by the Pearson correlation coefficient (r 2 ) (n = 10 pairs; P = 0.0056; post hoc test, *P < 0.05).
Mouse NPC Culture. Mouse NPCs were prepared from E14.5 embryonic cortex according to the technical manual provided by StemCell Technologies. Cells were used between passages 2 and 6.
Western Blot Analysis. NPC protein lysates used in Western blot analysis included Triton-soluble and -insoluble fractions, sucrose gradient fractions to enrich for lipid rafts, and material following coimmunoprecipitation assay with GR or Cav-1 antibodies. Specific antibodies can be found in SI Materials and Methods. Images were quantified (densitometry) using National Institutes of Health (NIH) ImageJ software (http://rsbweb.nih.gov/ij).
Gap-FRAP. NPCs were loaded with 1 μg/mL of Calcein AM (Invitrogen) 30 min before FRAP analysis, which was conducted on an Olympus IX81 confocal microscope equipped with FluoView data collection software. FRAP recovery curves were fit to an exponential decay equation present in the GraphPad menu, and t 1/2 was tabulated by the software from this fit. 14.5 embryos were obtained from pregnant CD40 mice. Pup brains were removed from the embryos, cortical lobes were separated, and the meninges were removed. The tissue was disrupted by trituration and filtered through a 70-μm mesh, and 1 × 10 5 cells/mL were plated on a 10-cm Petri dish in 10 mL of proliferation medium (StemCell Technologies) containing 20 ng/ mL recombinant human epidermal growth factor, 10 ng/mL recombinant human fibroblast growth factor, and 2 μg/mL heparin. Neurospheres were passaged approximately every 3-4 d by centrifugation at 50 × g, disassociated by pipetting, and replated at 1 × 10 5 cells/mL in fresh proliferation media containing all supplements. Cells were used between passages 2 and 6. Cav-1 KO NPCs were generated in the identical manner as above but from mice bred in a C57BL/6J background. WT controls from the same background were used for experiments using NPCs derived from these animals.
Western Blot Analysis. Total protein (20-100 μg) from cell lysates (collected in 10 mM Tris, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% Triton X-100, 1 mM PMSF, 0.1% Na-deoxycholate, and 0.1% SDS) were subjected to SDS/PAGE, transferred to a PVDF membrane, and probed with the appropriate primary antibody (Ab) and peroxidase-conjugated secondary antibody. For isolation of Triton X-100-insoluble fractions, cells were lysed by a 30-min incubation in 1% Triton X-100, 1 mM EDTA, and protease inhibitor in ice-cold Tris-buffered saline followed by a 30-min centrifugation at 16,100 × g. Primary Abs used for Western blot analysis included rabbit anti-connexin Cx43, rabbit anti-Cav-1, rabbit total ERK-1/2, mouse phospho-ERK-1/2 (Cell Signaling), mouse anti-Cx26 (Invitrogen), rabbit anti-ARF-1 (Abcam), rabbit anti-phospho-Cx43 at serine 279/ serine 282, rabbit anti-phospho-Cx43 at serine 255, anti-glucocorticoid receptor (GR) (H300), anti-Cav-1 (N20), and goat antiactin (Santa Cruz Biotechnology). Secondary Abs were goat antimouse or anti-rabbit HRP conjugate or a donkey anti-goat HRP conjugate (Bio-Rad). Proteins were visualized using a chemiluminescence visualization system (PerkinElmer). Images were quantified (densitometry) using National Institutes of Health (NIH) ImageJ software (http://rsbweb.nih.gov/ij).
Sucrose Gradient Fractionation. NPCs were washed twice in ice-cold PBS and placed in 2 mL of MES buffer [0.01 M MES, pH 6.5, 0.15 M NaCl, and 1% (vol/vol) Triton X-100]. Cells were homogenized using a loose-fitting Dounce homogenizer and passing the glass tube 10 times. The homogenate was adjusted to 40% sucrose by the addition of 2 mL of 80% sucrose prepared in MES buffer and placed at the bottom of an ultracentrifuge tube. A 5-30% linear sucrose gradient was formed above the homogenate and centrifuged at 39,000 rpm at 4°C for 17 h in an SW41 rotor (Beckman Instruments). Fractions were carefully removed following centrifugation, combined into caveolin-enriched fractions (4-6) and noncaveolin-enriched fractions (9) (10) (11) , and analyzed by SDS/PAGE and Western blots.
Coimmunoprecipitation. The entire protocol was carried out at 4°C. Cells were washed twice in PBS and lysed in immunoprecipitation buffer containing 10 mM Tris (pH 8.0), 0.15 M NaCl, 5 mM EDTA, 1% Triton X-100, 60 mM octyl glucoside, and protease inhibitors. Samples were put on rotation for 45 min at 4°C. Soluble supernatant was precleared using protein A-Sepharose (10 μL; slurry, 1:1) at 4°C. Samples were centrifuged at 16,100 × g for 10 min and supernatant was taken and normalized for protein concentration. One tenth of the volume was taken as an aliquot for total input. The supernatant was incubated overnight with the particular antibody of interest and protein A-Sepharose (30 μL; slurry, 1:1). Beads were washed in lysis buffer three times on rotation for 10 min at 4°C. The final wash was done with 2.5 mM Tris·HCl (pH 7.5). Beads were spun down at 16,100 × g for 1 min, sample buffer was added, and samples were boiled for 10 min. The supernatant was then subjected to Western blot analysis for GR and Cav-1 as detailed above.
Fluorescence Recovery After Photobleaching. Mouse NPCs between passages 2 and 6 on 35-mm MatTek glass-bottom culture dishes were treated with 1 μg/mL of Calcein AM 30 min before fluorescence recovery after photobleaching (FRAP) analysis (Invitrogen). FRAP was conducted on an Olympus IX81 confocal microscope equipped with FluoView data collection software. The photobleaching laser was set to 95% laser power for 1.8 s and recovery images were captured every 40 s for 25 images. All data were quantified on open-source NIH ImageJ software (http://rsbweb.nih.gov/ij) and analyzed using Prism software (GraphPad Software). FRAP recovery curves were fit to an exponential decay equation present in the GraphPad menu, and t 1/2 was tabulated by the software from this fit.
Co-Indirect Immunofluorescence and 5-Bromo-2′-Deoxyuridine Labeling.
BrdU (10 μM) in 0.9% saline and 0.007 M NaOH was added to NPCs 1 h before collection of cells. NPCs were collected by centrifugation at 50 × g in a 15-mL conical tube and fixed in 4% paraformaldehyde in PBS. BrdU epitopes were exposed by treatment of cells to room temperature 2 N HCl for 10 min, which also served to permeabilize cells. For standard indirect immunofluorescence (IIF) and membrane GR staining in both NPCs and transiently transfected CHO cells, live cells were exposed to 10 μg/ mL concavalin-A (Vector Labs) in PBS for 2 min at 37°C, washed twice in fresh PBS, and permeabilized with 0.4% Triton in PBS for 10 min at room temperature. Cells were placed on glass coverslips for 1 h in a 37°C incubator and allowed to settle onto the coverslip. A QuikChange II Site-Directed Point Mutagenesis Kit (Agilent Technologies) was used to generate an alanine substitution to cysteine at position 665 in human GR using an expression plasmid kindly provided by J.A. Cidlowski (National Institute of Environmental Health Sciences, Research Triangle Park, NC). The resulting mutation and the entire GR-coding sequence were confirmed by two independent DNA sequence analyses. Wild-type and mutant GR expression plasmids were transiently transfected into CHO cells using the Lipofectamine reagent as recommended by the supplier (Invitrogen). Cells were then labeled with primary and secondary antibodies using standard laboratory IIF conditions. The primary antibodies used were mouse anti-BrdU (Sigma-Aldrich), mouse anti-GR (BuGR-2 for NPCs), rabbit anti-GR (H300 for CHO cells) (Santa Cruz Biotechnology), and rabbit anti-Ki67 (Abcam). The secondary Abs included Alexa Fluor 488 goat anti-rabbit IgG (Molecular Probes) and Cy3-conjugated goat anti-mouse IgG (Jackson ImmunoResearch). Cells were visualized with an Olympus IX81 confocal microscope with FluoView software. Images were analyzed on Photoshop (Adobe), and any manipulation of color levels was applied equally to all pseudocolors and all images within a panel.
Dynamic Live Imaging Analysis of Intracellular Calcium. To assess the dynamics of intracellular calcium, neurosphere cultures subjected to 1-h EtOH vehicle, 100 nM dexamethasone (DEX), or 3 mM 1-heptanol were coincubated for 45 min (of the 1-h treatment time) at 37°C with 500 nM Fura-2 AM (Invitrogen). NPCs were then washed three times in Hepes-buffered salt solution (standard HBSS) of the following composition: 137 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 0.6 mM KH 2 PO 4 , 0.6 mM Na 2 H-PO 4 , 0.9 mM MgSO 4 , 1.4 mM CaCl 2 , 20 mM Hepes, and 5.5 glucose mM (pH adjusted to 7.4 with NaOH). NPCs were subsequently placed onto a 35-mm MatTek glass-bottom plate and imaged on a DM IRM inverted microscope (Leica) fitted with a Leica HC N PLAN BD 40× oil immersion objective. Intercellular calcium was monitored as a sequence of fluorescence events every 10 s in single cells using excitation light provided by a 75-W xenon lamp-based monochromator (Ushio). Emitted light was detected using a CCD camera (Orca; Hamamatsu). Cells were alternatively illuminated with 340-and 380-nm light for Fura-2. Emitted fluorescence was passed through a 500-nm long-pass dichromatic mirror and a 535 ± 40 nm band-pass filter (Omega Optical). Acquired data were analyzed using SimplePCI software (Compix) as the 340:380 ratio. Fluorescence was measured in 6-10 individual NPCs (3-5 pairs) for each sample. Fig. S3 . PD98059 or U0126 pretreatment inhibits ERK-1/2 and Cx43s279s282 phosphorylation following DEX treatment, and Cx43 phosphorylation at serine 255 is not altered by 1-h DEX exposure. NPCs prepared from E14.5 mouse embryonic cortices were treated for 1 h with 100 nM DEX and/or 40 μM MEK inhibitor PD98059 (PD). Total protein from cell-free extracts was subjected to SDS/PAGE and Western blot analysis to assess phosphorylated ERK-1/2 (pERK-1/2), total ERK-1/2 (tERK-1/2) (A), and Cx43 phosphorylated at serines 279 and 282 (pCx43s279s282) (B). PD pretreatment inhibited ERK-1/2 phosphorylation and Cx43s279s282 phosphorylation in both the presence and absence of DEX. NPCs prepared from E14.5 mouse embryonic cortices were treated for 1 h with 100 nM DEX and/or 10 μM MEK inhibitor U0126. Total protein from cell-free extracts was subjected to SDS/PAGE and Western blot analysis to assess phosphorylated ERK-1/2 (pERK-1/2), total ERK-1/2 (tERK-1/2) (C), pCx43s279s282, and actin (D). (E) The ratio of the mean ± SEM of densitometric scans of multiple blots probed for pCx43s279s282 and actin is shown (n = 5; one-way ANOVA, P = 0.0001; post hoc Tukey's multiple comparison test, *P < 0.05). Total protein lysates from NPCs treated for 1 h with 100 nM DEX and/or 1 μM RU-486 were subjected to Western blot analysis to assess phosphorylated Cx43 at serine 255 (pCx43s255) and actin (F). (G) The ratio of the mean ± SEM of densitometric scans of multiple blots probed for pCx43s255 and actin is shown (n = 4). No significant effects of DEX exposure were observed. NPCs prepared from E14.5 mouse embryonic cortices were pretreated for 1 h with various concentrations of the transcriptional inhibitor Actinomycin D (ActD) followed by a 1-h exposure to 100 nM DEX (A). Cells were lysed in TRIzol, RNA was extracted, and cDNA was prepared from the RNA template. Expression of the GR target gene glucocorticoid-induced leucine zipper (GILZ) relative to the housekeeping gene GAPDH was measured by quantitative RT-PCR. ActD pretreatment (100 ng/mL) was sufficient to prevent DEX-induced GILZ expression (A; n = 1). Total protein lysates from NPCs pretreated for 1 h with 100 ng/mL ActD followed by 1-h DEX exposure were subject to Western blot analysis to assess pCx43s279s282 and actin (B). ActD pretreatment had no effect on DEX-mediated induction of pCx43s279s282. . Transient GC exposure reduces both BrdU-and Ki67-positive NPCs, and 1-heptanol exposure rapidly and reversibly inhibits NPC GJIC. NPCs were subjected to the following 24-h treatments: ethanol vehicle (Veh), 100 nM DEX (±1 μM RU-486), RU-486 alone, or a 1-h DEX pretreatment followed by a 23-h RU-486 exposure (PreDEX+RU). NPCs were treated with a 10 μM BrdU pulse during the final hour of hormone exposure and then processed for immunostaining to detect BrdU incorporation and Ki67 expression. (A) Representative IIF image demonstrating decreased BrdU and Ki67 staining following PreDEX+RU exposure. NPCs preloaded with Calcein AM were subjected to the following treatments: vehicle, 2-min 3 mM 1-heptanol (Hept), 1-h 3 mM 1-heptanol, and 1-h 3 mM 1-heptanol followed by a wash into 1-heptanol-free media (Hept Wash). (B) Mean values for t 1/2 ± SEM of recovery obtained by fitting a decayed exponential to individual fluorescence recovery curves show reversible inhibition of GJIC by 1-heptanol (n = 4; one-way ANOVA, P < 0.0001; post hoc Tukey's multiple comparison test, *P < 0.05). . C-src and Cav-1 are necessary for DEX-mediated ERK-1/2 activation and Cx43 phosphorylation at serines 279/282. Total protein lysates from NPCs pretreated with PP2 for 30 min followed by a 1-h exposure to DEX were subjected to Western blot analysis to measure phosphorylated ERK-1/2 (pERK-1/2) and total ERK-1/2 (tERK-1/2) (A), as well as pCx43s279s282 and actin (B) levels. PP2 pretreatment limited ERK-1/2 and Cx43s279s282 phosphorylation in the presence and absence of DEX. (C) The ratio of the mean ± SEM of densitometric scans of multiple blots probed for pCx43s279s282 and actin is shown (n = 3; one-way ANOVA, P = 0.0005; post hoc Tukey's multiple comparison test, *P < 0.05). Total protein lysates from Cav-1 knockout NPCs treated for 1 h with 100 nM DEX and/ or 1 μM RU-486 were subjected to Western blot analysis to measure phosphorylated ERK-1/2 (pERK-1/2) and total ERK-1/2 (tERK-1/2) (D), as well as pCx43s279s282 and actin (E) levels. No significant effects of DEX exposure were observed on ERK-1/2 activation (D) or pCx43s279s282 (E) following a 1-h DEX exposure.
